Abstract: Moganite, which is monoclinic at ambient temperature, undergoes a displacive transition to an orthorhombic phase at ≈ 570 K. Whereas the monoclinic phase may be considered as α-quartz that is Brazil twinned along {1 0 1 ̅ 1} at the unit-cell scale (cell-twinning), the orthorhombic phase cannot be interpreted as a Brazil celltwin of β-quartz, in contrast to statements made in the literature. The shape of the oxygen tetrahedra in monoclinic moganite has been determined more reliably by density functional theory (DFT) calculations than by experiment: the differences between the various experimental results for the shape of the oxygen tetrahedra at ambient temperature are typically ten times larger than the differences between the DFT results. The DFT calculations suggest that the oxygen tetrahedra in moganite are very close in shape to the oxygen tetrahedra in α-quartz. Among the three DFT calculations considered, the most convincing results for the bond angles in moganite are obtained for the DMol 3 code with functional PBE.
Introduction
Moganite, a mineral detected as microcrystalline silica fillings of cavities and cracks in ignimbrite flows near the town of Mogán in the south of Gran Canaria, was first described by Flörke, Jones and Schmincke [1] as SiO 2 -G. The name moganite was proposed by Flörke, Flörke and Giese [2] . After initial skepticism regarding the distinction between moganite and quartz, the "International Commission on New Minerals and Mineral Names" approved moganite as a mineral species in 1999.
The structure of moganite was first determined by Miehe et al. [3] . It has space group C2/c (#15) and contains 12 Si atoms and 24 O atoms per conventional cell: Si1 at a position 4e, Si2, O1, O2 and O3 at positions 8f. Later structure determinations were made by Miehe and Graetsch [4] and by Heaney and Post [5] . All these measurements were performed on powders of naturally occurring moganite, using X-ray diffraction and/ or time-of-flight neutron diffraction. They confirmed the room temperature result given above but led to considerable differences in the structure parameters. An obvious reason for the differences is that no pure moganite has been found in nature.
Moganite may be considered as a Brazil cell-twin of α-quartz with composition plane r = {1 0 1 ̅ 1} and minimum lamellae thickness, i.e. thickness equal to the distance between neighboring (1 0 1 ̅ 1) planes [3] . Let a q , b q and c q define the usual primitive hexagonal cell of quartz. Then a = a q − b q , b = a q + b q , c = 2c q , is a body-centered orthogonal cell for the Brazil cell-twin, for which its space group #15 appears in the setting I2/a. Note that the monoclinic angle β is equal to 90° for the unrelaxed cell-twin. To stress the structural relation between moganite and the quartz cell-twin, also the moganite structure is usually expressed in the setting I2/a, which has the advantage that the monoclinic angle β is close to 90°. Grimmer and Delley [6, 7] considered cell-twin models. For a given choice of the data for the quartz structure and given orientation of the composition plane, the models have a continuous degree of freedom, which corresponds to a translation between left-and right-handed quartz parallel to the monoclinic axis of the cell-twin. In particular, the translation may be chosen such that either ∠(O-Si-O) or ∠(Si-O-Si) has the same value as in quartz also across the composition plane. In the first case (model 1 of [6] ) the oxygen tetrahedra are undistorted compared to quartz, in the second (model 3 of [6] ) the angles between adjacent oxygen tetrahedra are as in quartz. It turns out that model 1 is closer to the experimental results.
Calculations of the moganite structure using density functional theory (DFT) were done by Hantsch et al. [8] and by us for the present paper. They correspond to moganite at a temperature of 0 K and will be compared to the experimental data at ambient temperature and to cell-twin model 1, based either on the quartz data of Lager et al. [9] at 13 K or on those of Baur [10] at 291 K.
Moganite, its structure determined by theory and experiment
Brazil cell-twin models Figure 1 illustrates the structure of moganite by showing the cell-twin model based on quartz data [10] at 291 K projected parallel to its monoclinic axis b. O1 binds to two Si2, O2 (and O3) to a Si1 and a Si2. O3 connects two oxygen tetrahedra, the central Si atoms of which lie on opposite sides of a Brazil twin boundary (marked in brown). The bonds are indicated by arrows. The atom at the arrowhead has the larger y coordinate. The figure shows the situation for model 1; the figure for model 3 is identical except that the arrows that cross a Brazil twin boundary have their head at the opposite end of the dark green line. The corresponding figure for the cell-twin based on the quartz data of Lager et al. [9] at 13 K looks practically the same; the corresponding figures for the experimental and DFT results mentioned in the introduction differ only slightly; for all of them the sense of the arrows is the same as for cell-twin model 3. This tells us that, as far as possible, relaxation conserves the angles (O-Si-O) as well as (Si-O-Si) of quartz.
Columns M1,2 of Table 1 describe unrelaxed Brazil cell-twins, whose tetrahedra formed by 4 O atoms bound to the same Si atom have the same bond distances and bond angles as the corresponding tetrahedra in α-quartz. Only the Si-O-Si angles between two tetrahedra having O in common and the two Si on opposite sides of a twin boundary have values different from the values for α-quartz. The model given in column M2 corresponds to model 1 in Table 2 of [6] ; Grimmer and Delley [7] show how the value Y = 2δ = 0.4395 given for this model is related to the fault vector f of Lang [11] and the displacement vector R of Phakey [12] , in particular |f| = 0.4395 a, where a, c are the lattice parameters of quartz. Column M1 is based on low temperature data for quartz, which lead to a fault vector |f| = 0.4464 a. Figure 2 gives a graphical representation of the results in the lower part of Table 1 .
Experimental results
The structure of moganite has been determined experimentally in [3] [4] [5] . So far, it has not been possible to synthesize moganite as a pure phase; in nature it is found intergrown with fine-grained quartz and containing small amounts of volatile (H 2 O, CO 2 ) and non-volatile (Na 2 O, K 2 O, Fe 2 O 3 , …) impurities. Relatively pure moganite from Gran Canaria was used in [3] [4] [5] . Typical impurities are Table 1 . The atom at the arrow-head has the larger y coordinate; double arrows start at an O-atom in the unit cell below or end at an O-atom in the unit cell above. The brown lines show the twin boundaries of the Brazil cell-twin models considered in Table 1 . The sense of the dark green arrows holds for both cell-twin models, M1 and M2; it is opposite for all the experimental and DFT results given in the last six columns of Table 1. 1-3 % H 2 O, 0.2-1 % CO 2 , and less than 0.2 % non-volatile impurities by weight [4] . Powder diffraction and Rietveld refinement were used in [3] [4] [5] for structure determination.
Miehe et al. [3] used time-of-flight (TOF) neutron scattering and X-ray diffraction, Miehe and Graetsch [4] used Cu Kα X-ray diffraction, Heaney and Post [5] used TOF Tab. 1: Cell parameters a, b, c, β and position parameters of moganite in I 1 2/a 1 setting; cell volume V, bond distances d and bond angles according to various authors. In columns M1,2 the Brazil cell-twin model 1 of Grimmer and Delley [6, 7] with minimum lamellae thickness (N = 1) is interpreted as moganite. Column E2 uses for O2 the position parameters adjusted by distance least squares, not the ones obtained by unconstrained structure refinement.
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DFT results
M1 using 13 K data [9]
M2 using 291 K data [ neutron scattering at 298 K. Their results are given in columns E1-E3 of Table 1 . Cell parameters and cell volume of moganite can be determined more reliably by experiment than by Brazil twin models or DFT calculations. Nevertheless, the differences between the values given in columns E1-E3 of Table 1 are in most cases much larger than the experimental uncertainties given by the authors, as shown in Figure 3 . According to [5] , the actual errors may be more than an order of magnitude higher than the deviations shown, which were obtained by the General Structure Analysis System (GSAS) [13] .
Let us denote the values in the various columns of Table 1 by the corresponding subscript. Cell parameters and cell volume can be determined reliably by experiment. Neglecting deviations from the nominal Si 12 O 24 cell content, the density ρ will be inversely proportional to the cell volume V. The density of α-quartz at room temperature corresponds to the cell volume V M2 . The experimentally determined cell volumes of moganite, V E1 , V E2 and V E3 being larger than V M2 , moganite will have slightly smaller density than quartz.
Also for the position parameters, the differences between the values given in columns E1-E3 of Table 1 are in most cases much larger than the experimental uncertainties given by the authors, as shown in Figure 4 .
Whereas unconstrained structure refinement led to plausible Si-O distances for the neutron data [5] , it produced for the Cu Kα data [4] an O2 position unrealistically far from Si1 (1.643 Å) and unrealistically close to Si2 (1.537 Å). The E2 position parameters for O2 were therefore adjusted by minimizing the sum of the squared Table 1 . Experimental values are shown in red, DFT results in blue or cyan. The values in black correspond to Brazil cell-twin model 1 with minimum lamellae thickness of Grimmer and Delley [6, 7] based on quartz data at 13 K [9] and at 291 K [10] , respectively. Distance 6 as well as angles 14-16 and 19 correspond to atoms on different sides of Brazil twin boundaries. Distances 1-2 and angles 7-10 involve Si1, distances 3-6 and angles 11-16 involve Si2.
Si-O2 distances. The results of Heaney and Post [5] can be expected to be the most reliable experimental results because structure refinement based on their powder neutron diffraction data was possible without restraints. Figures 2a and b show that the shapes of the O-tetrahedra are difficult to determine experimentally. The results of [3] and [4] differ widely: whereas according to [3] d(Si2-O2) (#4) is the largest among the Si-O distances and ∠(O1-Si2-O3) (#14) the largest among the O-Si-O angles, they are the smallest distance and smallest angle according to [4] , the results of [5] lying in between. These discrepancies suggest that the true Si-O distances #1-5, the true O-Si-O angles #7-13 and the true Si-O-Si angles #17-18 will be closer to the cell-twin model values than to the experimental ones. Relaxation of the atom positions in the models will mainly affect the remaining distances and angles, which involve atoms on both sides of a Brazil twin boundary.
Density functional theory calculations
Columns D2 and D3 of Table 1 give the results of density functional theory (DFT) calculations with the DMol 3 code [14, 15] , using the functional PBE as defined in [16] for D2 and the functional PBEsol as defined in [17] for D3. Whereas PBEsol tends to underestimate the cell volume (V D3 is 1.8 % smaller than V E2 ), PBE tends to overestimate it (V D2 is 4.0 % larger than V E2 ). In both cases a 4 × 4 × 4 Γ-centered mesh in k-space was used as well as the default local orbital basis set DNP [15] with cutoff radii for the basic functions equal to 7.32 a 0 for O and 10.06 a 0 for Si, a 0 denoting the Bohr radius. The calculations minimized energy with respect to the parameters defining the moganite cell and the Wyckoff positions, starting out with the moganite structure given in [4] . The results of Hantsch et al. [8] are given for comparison in column D1. Also they used the functional PBE. As discussed in Section Experimental results, we can assume that the true Si-O distances in moganite at room temperature are close to the experimental values for α-quartz, which appear in the Brazil cell-twin model M2 of moganite. Although the parameters for the moganite cell obtained in D1 are on average 2% larger than the experimental values, the Si-O distances are only 0.5% larger than the Si-O distances in quartz. This means that Table 1 divided by their average. Synchrotron powder X-ray diffraction results at 298 K before and after heating to 1354 K are also given [5] . These values were not considered for computing the average. the distances between neighboring oxygen tetrahedra and, therefore, the Si-O-Si angles must be larger than in reality. The opposite situation occurs for D3, where the parameters for the moganite cell are on average 0.6% too small and the Si-O distances 1.4% larger than for quartz. This means that the Si-O-Si angles must be smaller than in reality. For D2 the parameters for the moganite cell are on average 1.3% too large and the Si-O distances 1.7% larger than for quartz, so that the Si-O-Si angles will be only little smaller than in reality. This situation is clearly shown in Figure 2c . Table 1 shows that all the 13 independent Wyckoff parameters D2 lie between the corresponding values D1 and D3, the only exception being z2, for which all three values are almost equal. Also the other suggestion made in Section Figure 2b clearly shows that the results of the three DFT calculations give more consistent results than the experiments E1-E3. We conclude that the DFT results, and in particular D2 give a better description of the Wyckoff position parameters and O-Si-O and Si-O-Si angles of moganite than the experimental results E1-E3.
As for the experimental results shown in Figure 3 , the differences of the various DFT results are largest for lattice parameter a. The situation is similar for the position parameters of Si: the DFT results differ most for the y parameter of Si1 and least for the z parameter of Si2, as is the case for the experimental results shown in Figure 4 .
Comparing the position parameters of Si1, Si2, O1, O2 and O3 in column D3 of Table 1 with the corresponding parameters in either column M1 or M2 we see that our DFT results differ from the two Brazil cell-twin models mainly in the y-coordinate, i.e. perpendicular to the plane shown in Figure 1 . The difference in the y-coordinate has opposite sign for O3 than for Si1, Si2, O1 and O2. The largest shift in each of x, y and z has O1.
Denote by ∆E the bond enthalpy per mole SiO 2 of moganite compared to α-quartz. Hantsch et al. [8] obtained ∆E D1 = − 0.35 kJ/mol, i.e. moganite should be the stable phase according to the sign of ∆E D1 . However, its absolute value is less than the uncertainty of their calculations, which they estimate at 4 kJ/mol. Taking lattice and position parameter relaxation into account, we obtained ∆E D2 = 0.4 kJ/mol and ∆E D3 = 0.7 kJ/mol, stating that α-quartz is the stable phase at low temperature and pressure. These values are smaller than the experimental CODATA value at 25°C and atmospheric pressure ∆E = 3.4 ± 0.7 kJ/mol [18] .
α-and β-moganite
Heaney and Post [5] also investigated the dependence of the lattice parameters on temperature between 100 and 1354 K using synchrotron X-ray diffraction. They found a reversible displacive phase transition from monoclinic α-moganite to orthorhombic β-moganite at 569 K. Whereas in [5] it is argued that the transition from α-to β-moganite is second-order, hard-mode Raman spectroscopy results indicate that the situation is more involved [19] .
Similarly as in [4] , constraints were used also in [5] for structure refinement from their X-ray data: all Si-O bonds were assumed to be of length 1.61 Å in β-moganite. Table 2 shows that the structure given in Tables 4 and 5 of [5] for β-moganite at 1354 K is close to the structure proposed in [20] for moganite at room temperature before it was recognized that moganite has only monoclinic symmetry at ambient conditions [3] . Following Heaney and Post [5] we use the setting Imab of space group Ibam (#72) to facilitate comparison with monoclinic moganite. The atom position parameters given in [5] for α-moganite at 298 K and for β-moganite at 1354 K differ at most by 0.03. Figure 5 illustrates the structure of α-moganite as obtained by the DMol 3 code with functional PBE and β-moganite as determined in [5] .
It is interesting to compare the transition in moganite with the transition from α-to β-quartz, which takes place at 847 K and is of first order [21] . Whereas the structure of α-moganite can be interpreted as Brazil cell-twinned α-quartz, β-moganite cannot be interpreted as Brazil cell-twinned β-quartz although the contrary is stated in [20] and suggested in Table 5 of [4] . In fact, a periodically Brazil twinned α-or β-quartz cannot have space group Ibam; stacking (1 0 1 ̅ 1) layers alternately of left-and righthanded quartz mentioned in [20] produces monoclinic, not orthorhombic moganite. Using molecular dynamics simulations Murashov and Svishchev [22] found that at ambient temperature and pressure β-moganite has the lowest enthalpy among pure silica phases, 5.5 kJ/mol lower than α-quartz. This is in contradiction with experiment and DFT results. (Note that it was for α-moganite that a slightly lower enthalpy (0.35 kJ/mol) than for α-quartz was obtained in [8] .) Also the distribution of Si-O-Si angles in β-moganite given in Figure 3 of [22] shows unrealistic maxima at 130° and 159°, which contrast with the values 138.5° and 145.5° obtained in [5] . No phase transition of moganite at ambient pressure was found in [22] for the temperature range from 100 K to 1100 K in contrast to experiment [5] .
determine the stress in strained moganite. The stiffness constants in the last two columns of Table 3 were obtained by numerical differentiation of the stresses as functions of the strains.
The results D2 and D3 obtained with the DMol 3 code but different functionals agree quite well. In the discussion of their results Hantsch et al. [8] argue that their GULP BKS results for moganite are less reliable than their GULP SG and DFT results and that the bulk modulus κ is smaller for moganite than for α-quartz (for which κ ≈ 37.4 GPa [27, 28] ) but higher than their GULP SG and DFT values. Our results confirm these conclusions but our bulk modulus is still considerably smaller than the value κ = 32.2 GPa of Léger et al. [23] .
Conclusion
The oxygen tetrahedra in our Brazil cell-twin models M1 and M2 (see Table 1 ) coincide in shape and size with those of quartz, i.e. their Si-O distances and O-Si-O angles agree with those of quartz at 13 K and 291 K, respectively. Although the experimentally determined lattice parameters a, b, c and β differ for E1, E2 and E3 much more than the given uncertainties, these parameters can be determined experimentally much more precisely than by means of DFT calculations, the results of which strongly depend on the functional employed. The situation is completely different for the Si-O distances and O-Si-O angles, which determine the shape and size of the oxygen tetrahedra. The DFT calculations D1, D2 and D3 agree that the Si-O distances decrease in the order #5, #1, #6 and #4; #2,3 being the smallest distances. For each of the ten O-Si-O angles (#7-16), the DFT calculations D1, D2 and D3 give similar results, which are close to those for the Brazil cell-twin models M1 and M2, especially in the cases, where O-Si-O does not cross a Brazil twin boundary. If O-Si-O does cross a Brazil twin boundary, one expects atomic relaxation to modify the O-Si-O angles more strongly, as confirmed by the DFT results. The experimentally determined Si-O distances and O-Si-O angles differ wildly for E1, E2 and E3, showing that these distances and angles could not be reliably determined by experiment. We conclude that DFT calculations are much better suited to determine the shape of the oxygen tetrahedra than X-ray or neutron diffraction on powders of moganite. Taking also the Si-O-Si angles into account, we found that among the eight approaches considered in Table 1, the DMol 
